Abstract-A comparison of micropaleontological data on the distribution of the Cycladophora davisiana radi olarian species in the surface sediment layer and the Late Quaternary sediments from the Subarctic Pacific and Far East marginal seas allowed conclusions concerning the possible conditions and occurrence of intermediate waters during the last glacial maximum. We used the modern data on the C. davisiana species, which is a micro paleontological indicator of the cold oxygen rich upper intermediate water mass, which is now forming only in the Sea of Okhotsk. The high amount of C. davisiana in sediments of the last glacial maximum may point to the possible formation and expansion of the ventilated intermediate water in the most part of the Subarctic paleo Pacific: the Bering Sea, the Sea of Okhotsk, within the NW Gyre, and in the Gulf of Alaska.
INTRODUCTION
In the Northern Hemisphere, active thermohaline ventilation (enrichment in oxygen) of the Norwe gian-Greenland intermediate and deep water is driven by cooling of saline North Atlantic water [54] , which results in regulation of the global and regional thermal balance and the discharge of atmospheric CO 2 to the ocean [15] . During the last glacial maximum (LGM) about 21 ka BP, the ventilation in the North ern Atlantic did not stop but was restricted by the intermediate depths and its main region moved from the Norwegian-Greenland Basin to the Labrador Sea and the NW margin of the open Atlantic [48] . At present, there is no deep convection, as well as venti lation from the surface of the ocean, in the Subarctic Pacific [65] . The ventilation at the intermediate depths of 200-1000 m is observed only in the marginal Sea of Okhotsk under mixing of dense, cold, and oxygen rich shelf water with Pacific intermediate water; then, the ventilated intermediate water masses spread to the north of the Pacific Ocean [55] . During the LGM, the thermohaline ventilation could occur over the entire NW Pacific to the north from the subpolar front including the Sea of Okhotsk and the Bering Sea [26] ; thus, the subarctic area of the Pacific Ocean should be an important region of transformation of water masses involved into the thermohaline conveyor. The data on the modern and Quaternary formation of the venti lated water are mostly based on isotopic and geochem ical studies [25] . Our paper discusses the problem of ventilation during glaciation on the basis of the distri bution of the Cycladophora davisiana radiolarian spe cies, which may be considered as an indicator of the oxygen rich upper part of the modern intermediate water mass of the Sea of Okhotsk (SOIW) [9] .
REGION OF STUDY
To the north from 40° N, the North Pacific has a clear subarctic vertical structure (Figs. 1a, 1b) with the main halocline in the upper 200 m of the water column [60] , which is supported by the predominance of pre cipition over evaporation [65] . The halocline hosts a layer of the subsurface temperature minimum or a dichothermal layer with a temperature from 2-2.5°C in the open ocean to -2°C in the Sea of Okhotsk as a relic of the winter cooling from the surface. The main halocline provides a sharp picnocline, which prevents free vertical convection. The direct ventilation to the depth for more than 200 m is registered only in the Sea of Okhotsk, whereas vertical diffusion (indirect venti lation) is observed in the NW Gyre and in the Gulf of Alaska [56] . The poorly ventilated intermediate (mesothermal with a maximum temperature relative to the above lying dichothermal layer and the underly ing deep water) water of the open Northern Pacific (NPIW) at the depth of 300-800 m is characterized by a temperature of 3-4°C, salinity of 33.5-33.9 psu, and a concentration of dissolved oxygen of 1-3 mL/L MATUL et al. [1, 60] and the average annual vertical water structure (b) after [16] . Diamond, open Subarctic Pacific; empty circle, Bering Sea; filled circle, Sea of Okhotsk; these signs in Fig. 1a show the standard points from the World Ocean Atlas of 2001 [16] . [ 16, 56, 61] . In the Bering Sea, the vertical structure is similar to the Northern Pacific one, but the dichother mal and mesothermal horizons are cooler [60] . [58, 59] .
MATERIALS AND METHODS
The Cycladophora davisiana (Ehrenberg) radiolar ian species is a paleooceanological indicator of our study. The distribution maps and factor analysis revealed a strong relation between its high amount in the plankton and modern sediments of the Sea of Okhotsk with the cold well ventilated SOIW [9] . The morphological description of the modern and Pleis tocene Cycladophora davisiana (Ehrenberg) davisiana (Petrushevskaya) specimens [10] was used for the determination of the species.
The data on the modern distribution of C. davisi ana in the World Ocean are combined in [14] , and detail information for the NW Pacific and marginal seas is given in [9, 30, 35, 50, 64] . In addition, we used the quantitative calculations of C. davisiana in the samples of the subsurface sediment layers from the Bering Sea and open Northern Pacific by the INOPEX project and also the radiolarian recalculated by A. Abelmann in previously studied samples [50] . The data on C. davisiana in the LGM sediments were taken from 57 cores of bottom sediments (table with references) from the Sea of Okhotsk (11), the Bering Sea (14) , and the open North Pacific north of 35°-37° N (32). The numerical values of the relative C. davisiana concentration (%) are based on the pri mary data of the LV and SO cores (table) and on the plots of the distribution by columns from the publica tions listed in the table.
The distribution of C. davisiana in the LGM sedi ments was analyzed according to the period of stan dard oxygen isotopic stage (OIS) 2 with the lower boundary of 24 ka BP [33] . The upper boundary was restricted by 17 ka BP, i.e., the beginning of the pre Bølling warming in different regions of the northern part of the Pacific Ocean as an indicator of the last deglaciation [18, 22] . The references concerning the stratigraphy and chronology of the cores are given in the table. If an age model elaborated in detail for the cores was available, the percent C. davisiana concen trations were averaged up to the whole percent for the precisely determined period of 24-17 ka BP. If the age model was approximate and/or was characterized by low temporal resolution, the C. davisiana percent con centrations (also with averaging up to the whole per cent) were taken from the suggested period of OIS 2 or from the level ascribed to OIS 2 or the LGM. Thus, we analyzed the distribution of C. davisiana for the entire period, which corresponds to the LGM rather than the individualized temporal level.
Using different sediment fractions for the radiolar ian preparation may potentially distort our results. We collected the data on C. davisiana from different sedi ment fractions (table) . The fraction >63 µm contains mostly adult specimens with evolved first abdominal segments; i.e., its diameter for the Pleistocene forms is 68.5-74.7 µm [10] . The fraction >40-50 µm may contain juvenile (cephalis + thorax) and/or smaller or suppressed adult forms. A comparison of the C. davisi ana concentrations in different fractions of the surface sediment layers from the Sea of Okhotsk [9, 35] shows high numerical values of the fraction >63 µm relative to the fraction >40 µm: from 24-26 to 34-38% and from 21-22 to 27-29%, respectively. Consequently, the coarser grained fraction provides somewhat higher (3-9%) values of the maximum C. davisiana content at least for the Sea of Okhotsk. In our opinion, such deviations in this work have no critical impor tance, because we discuss the C. davisiana concentra tion of >20-50%.
RESULTS AND DISCUSSION
In modern Northern Pacific sediments, C. davisi ana has high concentrations of >10-20% from the total amount of specimens in the radiolarian assem blages of the Sea of Okhotsk, whereas, in the open Subarctic Pacific and Bering Sea, its content rarely exceeds 5% [9, 30, 35] . There are data on the high C. davisiana amount in the surface sediment layer of the Sea of Japan: >20% and up to 19% in the north western [8] and northern [23] regions, respectively.
The highest C. davisiana content in the Sea of Okhotsk (Fig. 2a) was found on the northern conti nental slope and the NW Deryugin deep sea basin [3, 9, 31, 35] . This region is located in the northern half of the general cyclonic gyre of the Sea of Okhotsk, where mixing of the cold dense shelf water with more saline NPIW leads to the formation of the ventilated SOIW [29, 56] . The study of the plankton revealed the maxi mum C. davisiana amounts at the depth of 200-500 m in the upper part of the SOIW [9] . The complex data on the plankton, sedimentation traps, and surface sed iment layer of the Sea of Okhotsk [9] showed that C. davisiana is presumably a bacteria and detri tophag, becomes numerous under distinct seasonal peaks of the contribution of the organic suspension and detritus to the depths, and inhabits the cold oxy gen rich intermediate water mass . Figures 2b and 2c show that the upper part of the SOIW, which is associ ated with the habitat of C. davisiana, is characterized by a temperature of 1-2°C and a content of dissolved oxygen of 3-5 mL/L, whereas the open Subarctic Pacific water at this depth is warmer (mesothermal layer) and contains less oxygen.
In sediments of the last glaciation, C. davisiana is abundant everywhere in the subarctic part of the Pacific Ocean: north from 40°-45° N (>10%), in the Gulf of Alaska and along the Aleutian Islands (>20%), and within the NW Gyre and marginal Far East seas (>30%). The maximum of the C. davisiana concentra tion of 40-50% in the OIS 2 sediments is found in the Sea of Okhotsk.
The high relative C. davisiana content in the OIS 2 radiolarian assemblages is well known [4, 39, 50, 51] . The classical paleooceanological interpretation of these data [20, 35] extends the modern oceanographic conditions of the Sea of Okhotsk to the open Subarctic Pacific during the last glaciation: strong subsurface stratification with a sharp dichothermal layer, vast sea sonal ice cover, and a vertically stable and homoge neous intermediate water column. The association of the maximum modern C. davisiana content and zones of homogeneous SOIW with weakly variable parame ters is confirmed in [9, 41] . The presence of the upper stratified layer probably plays no critical role, because the high C. davisiana contents in the plankton radi olarian assemblages from the NW Pacific are not always confined to the regions of strong subsurface stratification [45] . The numerous findings of the spe cies in the Sea of Japan may indicate poor vertical stratification of the water column, which is formed here at intense convection from the surface [53] .
On the distribution map of C. davisiana in the OIS 2 (Fig. 3) , the >20% contents are focused in the northern and northwestern parts of the North Pacific. The mate rial of the ice rafting during the last glaciation is recorded approximately in the same regions, but it is related to the iceberg flows [12] . The data on ice rafting material [12] are taken from the open file reports of the early DSDP cruises, when technology of the detailed sampling of the Pleistocene sediments was absent and the OIS 2 level was unidentified. The modeling of the seasonal extent of the LGM sea ice [47] shows the prob able presence of winter ice cover only within the NW Gyre. More limited extent of seasonal ice near Kam chatka and in the western part of the Bering Sea may be suggested from the analysis of the ice diatom species in the sediment cores [2, 52] . Consequently, it is hard to OCEANOLOGY Vol. 55 No. 1 2015 MATUL et al. affirm that the numerous origination of C. davisiana in the OIS 2 in the Subarctic Pacific was necessarily accompanied by extensive sea ice. The modeling of the paleooceanology of the Pacific Ocean in the LGM showed a decreased contribution of fresh water to the North Pacific [28, 62] . The sur face salinity in the NW Gyre, the Sea of Okhotsk, the Bering Sea, and the Gulf of Alaska could have been higher than now by 1.0-1.2 psu (Fig. 3) , which would have been sufficient for convection from the surface to the depth of 1000 m [28] . The possibility of the forma tion of a ventilated paleo NPIW in the northern part of the Subarctic Pacific under the cold saline surface water from the Bering Sea was suggested judging from the δ
18
O and δ 13 C [49] . Thus, the analysis of the C. davisiana distribution confirms the possible presence of the intermediate water (paleo NPIW) similar to the SOIW in the Sub arctic Pacific during the last glaciation and accompa nying ventilation up to the intermediate depths. It is unlikely that this conclusion can be applied only to the upper part of the paleo NPIW. Although C. davisiana in the Sea of Okhotsk inhabits mostly the depth of 200-500 m, it is found in plankton from a depth of more than 500 m [10] in the open cold water regions of the World Ocean with hydrological parameters sim ilar to those of the SOIW.
Another conclusion supplements the current ideas concerning the region of formation of the ventilated paleo NPIW during OIS 2. According to [44, 57] and the data on C. davisiana, the Bering Sea was suggested to be a major primary region of ventilated intermediate water. Nevertheless, high C. davisiana contents up to 40-50% in the OIS 2 layer were found in several KOMEX cores of the entire Sea of Okhotsk [5, 32] , which may confirm the important role of the basin in the ventilation of the intermediate water. Judging from the C. davisiana distribution in the LGM sediments (Fig. 3) , four large regions of intermediate water ven tilation during OIS 2 may be suggested: the Bering Sea; the Sea of Okhotsk; the NW Gyre; and, probably, the Gulf of Alaska. 
